Dinorhynchus dybowskyi (Hemiptera: Pentatomidae: Asopinae) is used as a biological control agent against various insect pests for its predatory. In the present study, the complete mitochondrial genome (mitogenome) of the species was sequenced using the next-generation sequencing technology. The results showed that the mitogenome is 15,952 bp long, including 13 protein-coding genes (PCGs), 22 transfer RNAs (tRNAs), two ribosomal RNAs (rRNAs), and a control region. Furthermore, the gene order and orientation of this mitogenome are identical to those of most heteropterans. There are 21 intergenic spacers (of length 1-28 bp) and 13 overlapping regions (of length 1-23 bp) throughout the genome. The control region is 1,291 bp long. The start codon of the PCGs is ATN, except cox1 (TTG), and stop codon is TAA, except nad1 (TAG). The 22 tRNAs exhibit a typical cloverleaf secondary structure, except trnS1, which lacks a dihydrouridine (DHU) arm and trnV, where the DHU arm forms a simple loop. The analyses based on nucleotide sequences of the 13 PCGs by Bayesian Inference and maximum likelihood methods. The results support the monophyly of five superfamilies Aradoidea, Pentatomoidea, Pyrrhocoroidea, Lygaeoidea, and Coreoidea. Within Pentatomoidea, the relationship observed is as follows: (Plataspidae + Urostylididae) + (Pentatomidae + (Acanthosomatidae + (Cydnidae + (Scutelleridae + (Dinidoridae + Tessaratomidae))))), and D. dybowskyi was placed in Pentatomidae and close to Eurydema gebleri.
2017a). Therefore, sequencing the mitogenome of Asopinae species is essential to understand the evolution of Pentatomomorpha and Pentatomoidea at the genomic level.
As the insects rapidly develop resistance to pesticides, biological control has been increasingly employed in agriculture and forestry (Chang et al. 2003) . Dinorhynchus dybowskyi Jakovlev, belonging to the subfamily Asopinae (Hemiptera: Pentatomidae), feeds on the larvae of Lepidoptera and Coleoptera. Furthermore, the species has been reported to feed on the fifth instar larva of Stilpnotia candida Staudinger, 1892 (Lepidoptera: Noctuoidea: Lymantriidae) (Nonnai zab 1988) . In some books on economic insect fauna, D. dybowskyi has been reported to prey on the larva of Antherea pernyi (Guerin-Meneville 1855) (Lepidoptera: Bombycoidea: Saturnidae) (Yang 1962 ). These observations indicate that D. dybowskyi can be used as a biological control agent. In the present study, the mitochondrial genome of D. dybowskyi was sequenced and annotated. Furthermore, the results were used to elucidate the phylogenetic position of this species (Gapud 1991 , Zhao et al. 2017a ).
Materials and Methods

Sample Collection, DNA Extraction, and PCR Amplification
The specimens of D. dybowskyi were collected in Huoshankou Forest Park (44.08° N, 128.73° E), Ning'an County, Heilongjiang Province, China, on 10 August 2015. The genomic DNA was extracted from the thoracic muscle of a single specimen using the Genomic DNA Extraction Kit (Sangon Biotech, Shanghai, China), following instruction of the manufacturer. The mitochondrial genome of D. dybowskyi was sequenced using the next-generation sequencing technology. By the whole-genome shotgun method, paired-end libraries were constructed and sequenced on an Illumina MiSeq platform at the Personal Biotechnology Company (Shanghai, China). The target insert size was 500 bp. The adapter sequences were removed and low-quality bases were trimmed using the Trimmomatic version 0.36 (Bolger et al. 2014) . These targeted sequences were assembled using the A5-miseq v2015022 (Coil et al. 2015) and Spades v3.9.0 (Bankevich et al. 2012) software.
Genome Annotation and Sequence Analysis
The sequences were assembled using the Geneious version 9.1.4 software (Kearse et al. 2012) . PCGs boundaries were identified with the ORF finder (http://www.ncbi.nlm.nih.gov/orf/gorf.html). After sequencing, the mitogenome was annotated manually and by automated methods. The automated annotation was accomplished using MITOS (Bernt et al. 2013) . The confirmation of the tRNA genes was determined using the tRNAscan-SE program (http://lowelab.ucsc.edu/tRNAscan-SE/) (Lowe and Eddy 1997) . Furthermore, the unidentified tRNAs were compared with sequences from other species. The secondary structures of rrnL and rrnS was determined using the Mfold Web Server (http://mfold.rna.albany.edu/?q=mfold) and based on the genome of Eurydema gebleri (Yuan et al. 2015a ). The control region was identified through the boundary of the neighboring genes.
Comparative analysis and spread correction were performed with Mega 6.0 software (Tamura et al. 2013) , to obtain the complete mitogenome of D. dybowskyi. The codon usage of the 13 PCGs was calculated using Mega 6.0. The AT-and GC-skews were computed using the following formulas: AT-skew = (A% -T%) / (A% + T%) and GC-skew = (G% -C%) / (G% + C%) (Hassanin et al. 2005) . The related species were analyzed using the Basic Local Alignment Search Tool (BLAST) searches on the National Center for Biotechnology Information (NCBI) database.
Phylogenetic Analysis
The phylogenetic analysis was carried out using the mitochondrial genome of D. dybowskyi, 47 Pentatomomorpha taxa, and two Cimicomorpha species (Table 1) . The nucleic acids of 13 PCGs were extracted and aligned using Geneious and Mega 6.0, respectively. Subsequently, the 13 mitochondrial PCGs were aligned using MUSCLE (Edgar 2004 ) with default settings, and the resulting alignments were concatenated into a nucleotide matrix.
The concatenated set of nucleotide sequences were used in the phylogenetic analysis by the Bayesian inference (BI) and maximum likelihood (ML) methods. The optimal partitioning schemes and Partition 1 GTR+I+G atp6-1, nad3-1 Partition 2 GTR+I+G atp6-2, cox2-2, cox3-2, cytb-2, nad3-2 Partition 3 GTR+G atp6-3, atp8-3 Partition 4 GTR+I+G atp8-1, nad2-1, nad6-1 Partition 5 GTR+I+G atp8-2, nad2-2, nad6-2 Partition 6 GTR+I+G cox1-1 Partition 7 GTR+I+G cox1-2 Partition 8 GTR+I+G cox1-3, cox2-3, cox3-3, cytb-3, nad3-3 Partition 9 GTR+I+G cox2-1, cox3-1, cytb-1 Partition 10 GTR+I+G nad1-1, nad4-1, nad4l-1, nad5-1 Partition 11 GTR+I+G nad1-2, nad4-2, nad4l-2, nad5-2 Partition 12 HKY+I+G nad1-3, nad4l-3, nad5-3 Partition 13 HKY+G nad2-3, nad6-3 Partition 14 GTR+I+G nad4-3 corresponding nucleotide substitution models for each dataset were determined using PartitionFinder v1.1.1 (Lanfear et al. 2012 ) and were used in the subsequent phylogenetic analyses ( Table 2 ). The BI analysis was conducted using MrBayes 3.2.5 (Ronquist et al. 2012) , with four (three heated and one cold) independent Markov chains run for 10,000,000 metropolis-coupled Markov chain Monte Carlo generations; sampling trees every 100 generations. The first 25% of samples were discarded as burn-in and the remaining trees were used to calculate posterior probabilities in a 50% majority rule consensus tree. The ML analysis was conducted with RAxML v 8.0.2 (Stamatakis 2015) , using the best-fit model presented by PartitionFinder, and node confidence was assessed with 1,000 bootstrap replications.
Results
Mitochondrial Genomic Structure
The complete mitogenome of D. dybowskyi is a circular double-stranded molecule of length 15,952 bp (GenBank accession number MG450552) with high A + T nucleotide content (41.34% A, 33.76% T, 14.07% C, and 10.83% G) similar to that of other hemipteran mitogenomes (Wang et al. 2017b , Zhao et al. 2017a , Zhao et al. 2017b ). It contains 13 PCGs, 22 tRNAs, two rRNAs (rrnL and rrnS), and a non-coding control region. (Fig. 1, Table 3 ). The order and orientation of the mitochondrial genes are identical to those of most true bugs, and this is considered to be an ancestral arrangement (Hua et al. 2008 , Yuan et al. 2015a , Zhao et al. 2017a ). The AT-and GC-skews of the D. dybowskyi mitogenome are 0.101 and -0.130, respectively, indicating that the content of A + T nucleotides is higher than that of G + C nucleotides. The A + T contents of the 13 PCGs was compared; the lowest and highest A + T contents were 68.61% (cox1) and 81.33% (atp8), respectively (Table 4 ). The nucleotide composition and high skewness of the D. dybowskyi mitogenome was also reflected in the codon usage of the PCGs.
Comparative Analysis of Protein-Coding Genes
In the D. dybowskyi mitogenome, nine PCGs are coded on the J-strand (majority strand) and four PCGs are coded on the N-strand (minority strand). The start codon of most PCGs is ATN, except cox1 (TTG). This unconventional start codon has also been reported in other heteropterans (Hua et al. 2008; Zhao et al. 2017a,b) . Furthermore, the stop codon of most PCGs is TAA, except nad1 (TAG). Excluding the start and termination codons, the 13 PCGs consist of 3,673 codons. The most abundant amino acid codons are UUU (F), UUA (L), AUU (I), and AUA (M), which constitute 33.24% of the total amino acid codons. The content of A + T was higher than that of G + C (Fig. 2) . Furthermore, the codon usage values reflected a significant bias toward A and T nucleotides (Table 5 ).
Transfer and Ribosomal RNAs
The mitogenome of D. dybowskyi consists of 22 tRNAs of size 62-73 bp. Eight tRNA genes (trnQ, trnC, trnY, trnF, trnH, trnP, trnL1, and trnV) are located on the J-strand and the remaining 14 tRNA genes are located on the N-strand (Table 3) . Nineteen tRNAs have a typical cloverleaf secondary structure, except trnS1, which lacks a dihydrouridine (DHU) arm; and trnV, where the DHU arm forms a simple loop (Fig. 3) . There are 21 intergenic spacer regions, with a total length of 212 bp, and the largest spacer (28 bp) region is located between nad1 and trnS1. There are 13 intergenic overlapping regions of size 1-23 bp, with a total length 36 bp, and the largest overlapping region is located between cox2 and trnA. The total length of the 22 tRNAs is 1,478 bp, and these anticodons have a high A + T content (81.3%). In tRNAs, the AT-and GC-skews are positive and negative, respectively. Two rRNAs are located on the J-strand. The rrnL gene is 1,290 bp long with an A + T content of 78.29%, while the rrnS gene is 802 bp long with an A + T content of 78.55%. The rrnL and rrnS genes are separated from each other by trnV. For rRNAs, the AT-skews are negative and the GC-skews are positive. The A + T content of rrnL and rrnS is 79.09% and 76.79%, respectively (Table 4 ). The complete secondary structure of rrnL and rrnS was determined (Figs. 4 and 5) .
Control Region
The control region regulates the replication and transcription of mitogenome (Zhang and Hewitt 1997) . In some arthropod mitogenomes, the control region has been found in several or all of the following motifs: the tandem repeat sequences, a long sequence of Ts, an (A + T)-rich region, and a stem-loop structure (Cook 2005) . In the mitogenome of D. dybowskyi, the control region is located between rrnS and trnI, with a length of 1,291 bp and a high A + T content (73%)-A 36.3%, T 36.6%, C 17.0%, and G 10%. The AT-and GC-skews are negative in the control region, indicating that the content of T and C is marginally higher than that of A and G. The tandem repeat sequences consist of four types of repeat units. The longest is type I, which is approximately 460 bp long, and this is interrupted by a 45 bp non-coding region. The remaining three tandem repeats are adjacent to each other, and their length ranged from 28 to 68 bp (Fig. 6A) . A potential stemloop structure of approximately 30 bp is present in the control region, and no conserved functional motifs were identified (Fig. 6B) .
Phylogenetic Relationships
The phylogenetic analyses were performed by two inference methods-BI and ML. The phylogenetic relationships among Pentatomomorpha were reconstructed, and the result based on the13 PCGs strongly supports the relationship between five superfamilies: Aradoidea + (Pentatomoidea + (Lygaeoidea + (Pyrrhocoroidea + Coreoidea))) (Figs. 7 and 8) . In Pentatomomorpha, Aradoidea, as a sister group of Trichophora, was located at the base of the phylogenetic tree. Furthermore, Trichophora was divided into two clades, one clade consisted of Pentatomoidea, which is monophyletic, while the other consisted of Coreoidea, Pyrrhocoroidea, and Lygaeoidea. According to the traditional taxonomic placement, Pyrrhocoroidea and Coreoidea were indicated as sister groups. In Pentatomoidea, Urostylididae and Plataspidae were placed as sister groups, and were separated from the other families of Pentatomoidea. Pentatomidae was grouped as sister to the remainder of Pentatomoidea. Fig. 8 . Inferred phylogenetic relationships among Pentatomomorpha based on the concatenated nucleotide sequences of 13 mitochondrial protein-coding genes using maximum likelihood (ML). Numbers on branches are bootstrap percentages.
Furthermore, Acanthosomatidae and Scutelleridae were monophyletic, and Dinidoridae and Tessaratomidae were placed as sister groups. D. dybowskyi was placed in Pentatomidae and close to E. gebleri.
Discussion
To the best of our knowledge, the present study is the first to sequence and annotate the complete mitogenome of D. dybowskyi. A comparative analysis of 47 Pentatomomorpha mitogenomes showed that the gene content, gene arrangement, base composition, codon usage, and RNA structures are highly conserved in Pentatomomorpha, especially within family (Hua et al. 2008 , Lee et al. 2009 , Song et al. 2013 , Yuan et al. 2015a .
The mitochondrial genome of D. dybowskyi is 15,952 bp long, which is within the range of the mitogenome of Pentatomomorpha genomes (14,532 bp in Rhopalus latus (Jakovlev) to 17,191 bp in Riptortus pedestris (Fabricius)). The mitochondrial genome of D. dybowskyi resembles that of known ancestral species in terms of structural organization and composition (Hua et al. 2008 , Wang et al. 2017b , Zhao et al. 2017b .
The most frequently occurring start codon among the 12 PCGs is ATN, the exception is TTG in cox1 of most pentatomid mitogenomes , Shi et al. 2012 , Yuan et al. 2015a , Zhao et al. 2017b ). However, in D. dybowskyi, the start codons ATT, ATG, and ATA occur with the same frequency, the start codon of cox1 is TTG. Most PCGs end with TAA; however, in some species, nad1, cox2, or some other genes end with TAG or a single T , Song et al. 2013 , Yuan et al. 2015b ). The incomplete termination codons have been reported to be completed by posttranscriptional polyadenylation (Anderson et al. 1981) . Furthermore, it is important that incomplete stop codons undergo completion to TAA during the mRNA assembly (Boore 1999) .
In many insects, the majority of tRNAs have a canonical cloverleaf secondary structure; however, abnormal tRNAs have been reported in the mitogenome of pentatomoids. For example, trnS1 and trnV sometimes lacks the stem of the DHU arm , Shi et al. 2012 , Cameron 2014 , Yuan et al. 2015a or the DHU arm forms a loop in these genes (Lee et al. 2009; Li et al. 2013; Zhao et al. 2017a,b) . In the mitogenome of D. dybowskyi, trnS1 lacks the stem of the DHU arm, and in trnV, the DHU arm forms a simple loop.
The length of the common overlap regions vary among families or species (1-44 bp) (Li et al. 2014) , and this variation is also present in the mitogenome of D. dybowskyi. Furthermore, the position of the maximum overlap is not conserved. For instance, Aradacanthia heissi has the maximum overlap between trnT and trnP (Shi et al. 2012) , Eusthenes cupreus has the maximum overlap between cox3 and trnG (Song et al. 2013) , Coridius chinensis has the maximum overlap between cox3 and trnG , and Urochela quadrinotata has the maximum overlap between trnW and trnC . The size of the common non-coding regions in the mitogenome ranges from 1 to 28 bp, and this region is not conserved, as well. A special non-coding region, which is also the longest non-coding region, is located between rrnS and trnI. The length of the control region ranges from 224 bp (Largidae) to 2,400 bp (Alydidae). Thus, the variation in the size of mitogenomes is mainly due to the non-coding regions (Hua et al. 2008) .
In the present study, the phylogenetic analyses based on 13 PCGs strongly support the relationship between five superfamilies: Aradoidea + (Pentatomoidea + (Lygaeoidea + (Pyrrhocoroidea + Coreoidea))). This is in concordance with the findings of previous phylogenetic studies based on morphological and molecular data (Grazia et al. 2008 , Henry 1997 , Hua et al. 2008 , Yuan et al. 2015a . Within Pentatomoidea, the results of the present study support the relationship of (Plataspidae + Urostylididae) + (Pentatomidae + (Acanthosomatidae + (Cydnidae + (Scutelleridae + (Dinidoridae + Tessaratomidae))))). This is consistent with the findings of previous studies based on morphological and molecular data (Gapud 1991; Grazia 2008; Lis et al. , 2017 .
The species Graphosoma rubrolineata, which belongs to the subfamily Podopinae, and D. dybowskyi, which represents the subfamily Asopinae, were mix with the other Pentatomidae species. This suggests that each subfamily in Pentatomidae might not be monophyletic. Therefore, further studies are necessary to sequence the genome of other species of Asopinae and other subfamilies, which will enhance our understanding of the molecular phylogeny of Pentatomidae.
The phylogenetic relationships within Pentatomomorpha and Pentatomoidea based on mitochondrial genomic data are consistent with those based on the traditional morphological classification. This indicated that the mitochondrial genomics is a useful tool to elucidate the phylogenetic relationships at taxonomic levels. As more mitogenomes are sequenced at various taxonomic levels, especially among closely related species, our understanding of mitogenomic evolution and phylogenetic relationships in pentatomoids will be enhanced.
